The absorption of calcium from the intestine
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From studies of loss of radiocalcium from the intestinal lumen of rats it was well known that the absorption of calcium occurs mainly in the proximal small intestine (Harrison & Harrison, 195 I ; Nicolaysen, 195 I ) . A similar observation was made in the pig (Moore & Tyler, 1955) . I n the chick, according to Coates & Holdsworth (1961) , however, calcium absorption appeared to occur over the whole length of the small intestine.
T h e recent advances in the use of everted sacs provided a useful tool to study the absorption of calcium. Thus Schachter & Rosen (1959), Rasmussen (1959) and others could show that active transport of calcium against a concentration gradient can be achieved in everted sacs of the rat duodenum, but not of ileum, and the capacity of this transport mechanism decreased with distance from the pylorus. Anaerobic conditions, low temperature, dinitrophenol or other enzyme poisons effectively inhibited the active transport (Schachter & Rosen, 1959; Schachter, Dowdle & Schenker, 1960; Wassermann, 1960 ). Additions of glucose or fructose improved greatly the active absorption, while mannose, galactose, amino acids or some fatty acids had no marked effect (Schachter & Rosen, 1959) .
T h e age of the animals influenced the active transport in everted sacs; younger rats had a more efficient transport mechanism than older animals (Kimberg, Schachter & Schenker, 1961). These effects were more marked when a low-calcium diet was given (Kimberg et al. 1961) .
When rats were given a vitamin D-deficient diet the active transport in everted sacs was significantly diminished and could be restored by in vivo dosing with vitamin D (Schachter & Rosen, 1959 Kodicek, 1965) . While the effect of vitamin D on the active transport mechanism is generally accepted, Harrison & Harrison (1965) have postulated that the vitamin has also an influence on the permeability of the intestinal mucosa to calcium, as measured with in vitro preparations. Another interesting possibility has been advanced recently by Holdsworth (1965), namely that calcium is normally pumped out of the cell into the intestinal lumen and that vitamin D inhibits this process.
Parathyroid hormone appears to enhance the active transport of calcium across the intestinal mucosa. Rasmussen (1959) reported that after parathyroidectomy the ability of everted intestinal sacs to transfer calcium from the mucosal to the serosal side was somewhat reduced. Studies on plasma calcium concentrations following parathyroidectomy or administration of parathyroid hormone in absence or presence of vitamin D led several authors to the conclusion that a satisfactory vitamin D status was necessary to obtain the beneficial influence of parathyroid hormone on active calcium transfer (Rasmussen, DeLuca, Arnaud, Hawker & von Stedingk, 1963; Harrison & Harrison, 1964) . On the other hand, Toverud (1964a,b) concluded that the effect of parathyroid hormone in the rat appeared to be independent of vitamin D.
Effect of vitamin D on absorption of 45Cafrom ligated loops of rat small intestine
We have been interested in studying the transport of calcium across the mucosa of the rat small intestine by using ligated loops in vivo. Although many variable factors are introduced by this technique, the effects observed may be considered more physiological than those studied in vitro by the everted sac technique.
Solutions of 45Ca, from 0.31 to 125 mM, together with 50 mg glucose, were introduced into ligated loops of the proximal or distal half of the small intestine of rats, starved overnight (Kodicek, Cruickshank, DeLuca & Raisz, 1964) . The transport of 45Ca from the proximal or distal portions of the small intestine was measured Vol. 26
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by determining the remaining 45Ca in the loop after a suitable time interval and at the same time the appearance of radioactivity in the ash of the tibia was followed. It was found ( Table I ) that, after I h, in the rats given vitamin D supplement, 74-85% in the proximal loop and 56-58% in the distal loop had been transported, when the concentration of calcium in the loop was below that of ionized calcium in the blood (about 1-25 mM). At higher concentrations the percentage absorption was progressively reduced, until the absorptions were only 8 and 6%, respectively, when 125 m M 45Ca ( 5 mg/ml) had been instilled. At the lowest concentration of 45Ca (0.31 mM) the movement of the ions was against a concentration gradient, in both intestinal segments, suggesting an active transport mechanism. These findings are in agreement with those reported by Schachter & Rosen (1959) except that the latter authors found the activity mainly in the duodenal and jejunal portions.
T h e rate of absorption of 500 pg "Ca after I h was greater in the proximal segment than in the distal segment (Fig. I) , but after 4 h the same proportion of calcium had been transported from both segments of the small intestine. When similar investigations were made on young rachitic animals, which were given for 2-3 weeks the high-calcium, low-phosphorus diet of Steenbock & Black (1925) , the absorption of calcium was significantly lowered at calcium concentrations at or below 12.5 mM. At the highest concentration (125 mM) the deficiency of vitamin D had no effect on the calcium absorption (Table I ). Thus at high concentrations of calcium in the intestinal lumen the transfer was not vitamin D-dependent. When the transport of 45Ca was followed for 4 h, the rachitic animals showed a significantly lowered transport over the whole period, irrespective of the intestinal segment used.
T h e decreased transport efficiency of the deficient loops could be restored by oral administration of vitamin D, if the dose had been given at least 12 h before the loop experiment. A shorter period of 5 h had no effect nor had the instillation of the vitamin directly into the loop.
In previous experiments (Kodicek, 1963) it has been shown that up to about 5 h are required for the maximum accumulation of [14C]vitamin D, in the mucosal cells of the small intestine, so that an appreciable lag period still remains during which there is no apparent effect of the vitamin. I t might be presumed that during this period biochemical changes occur, such as elaboration or induction of a carrier system, which eventually increase the transport of calcium.
Effect of parathyroidectomy on 45Ca absorption from ligated loops of rat small intestine I n young stock rats, parathyroidectomy, performed 7 days previously, decreased the 45Ca absorption in both proximal and distal segments of the small intestine (Kodicek et al. 1964) . This was particularly marked when the concentration of 45Ca in the loop was either below or above that of the presumed ionized calcium level in blood (Table 2 ). The effect of the removal of parathyroid on lowering the serum calcium was already marked after I I h, but the decrease in calcium absorption from the intestinal loops occurred later, appearing consistently after 72 h. T h e results cited above are in agreement with the findings of Cramer (1963) who investigated the absorption of calcium from Thiry-Vella intestinal loops in the dog.
These results are consistent with the conclusions that vitamin D and possibly parathyroid hormone have an effect on the active transport of calcium. Recently, Thompson & DeLuca (1964) and Hosoya, Fujimori & Watanabe (1964) suggested that phospholipids might be involved in the calcium transfer in the intestine that is vitamin D-dependent. I n our laboratory, no such direct connexion between phospholipids and vitamin D-dependent calcium transfer could be found (Lawson & Kodicek, 1966, in preparation (1965) , is involved in the active transport of calcium across the cell has to await further research. T h e recent discovery of a protein in chick intestinal mucosa, which binds calcium and appears to be induced by administration of vitamin D, might possibly be connected with the carrier system for calcium (Wassermann & Taylor, 1963 Taylor & Wasserman, 1965) .
